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1.0 INTRODUCTION AND SUMMARY

v
. 1.1 Program Objectives and Basic Approach
- “his report describes the results of Task 1.0 of the High Pressure Oxygen

Compressor System (HPOCS) Development Program conducted for NASA-JSC under
Contract NAS-9-18005. Task 1.0 is entitled "HPOCS Charge Rate Study".

The overall program objectives are to design, fabricate, and test an engineering

prototype High Pressure Oxygen Compressor System (HPOCS) suitable for recharg-

L]
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i
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ing the high pressure oxygen tanks in a space station Extravehicular Mobility

Unit (EMU) life support system.
The objectives of the Task 1.0 charge rate study are to:

1. Determine optimal HPOCS charge rate that will provide one hour reserv-

icing capability for two EMU's (at 5.91 lbs high pressure oxygen each):

"2, Determine advantages and disadvantages of directly recharging EMU

tanks vs. using accumulators to charge tanks.

The optimal HPOCS charge rate to be based upon:

Minimization of: Size

Weight

Power Consumption

Maximization of: Safety
Reliability
Life

=

:22 The term EMU refers to the "Extravehicular Mobility Unit" which is basically the

= space suit including all life support systems that the astronaut requires while

e outside the space station environment. Each space station air-lock supports two
= EMU's and the subject HPOCS services both EMU's.
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Within the EMU is the Portable Life Support System (PLSS). Each PLSS consists
of two oxygen tanks capable of holding 2.955 lbs of gaseous oxygen at 6000 psia.
Thus, the total charge that must be provided by the HPOCS is 11.82 lbs. The

terms EMU and PLSS are used interchangeably in this report.

The contract work statement defines the HPOCS charge rate study in the following

words:

The trade study shall be performed by the contractor to determine the opti-
mum charge rate for the HPOCS that will provide a one hour reservicing
capability for two EMU's (each EMU requires 5.91 lbs of oxygen for a
complete recharge). The range of the charge rate the contractor shall
investigate is from 0.75 to 11,82 lbs/hr. The study shall determine the
advantages and disadvantages of directly recharging the EMU oxygen tanks
with the HPOCS or charging the EMU oxygen tanks using the HPOCS with accu-
mulators. In determining the charge rate, the contractor shall take into
account at least the following factors: power requirements, technology
risk, complexity, maintainability, safety, and size and weight of accu-

mulators.

Early in the program, the NASA-JSC Technical Manager, recognizing that the
oxygen consumed during a normal EVA (Extravehicular Activity) mission would be
but a fraction of the total inventory of 11.82 1lbs, requested that the study
efforts concentrate on reservicing charges of less than 11.82 lbs. Based upon
his input, the "normal" usage per EVA mission was established as 2.955 1lbs for

the two EMU's.

To establish the basic data reduired to accomplish the objectives of the HPOCS
charge rate study task, preliminary designs were established for three different
compressor sizes, i.e. 0.75, 6.0, and 11.82 lb/hr at 6000 psia discharge pres-
sure. In addition, two designs were prepared for the 6.0 lb/hr machine (one
operating at 25 Hz, and one at 32 Hz). For the accumulator charge approach,
three different accumulator sizes were considered, i.e. 0.1751, 0.3502, and
0.8755 ft3.
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The optimum charge rate (compressor size), recharge time, and accumulator
size/usage conclusions were based upon the total cost to launch the compressor
and accumulators (in terms of cost per pound) and the cost of compressor energy
usage over the 30 year life cycle. The cost basics suggested by the NASA-JSC
Technical Manager were $4000/1b for launch and $0.15/watt-hr for energy consump-

tion.

1.2 Summary of Results and Conclusions

The conclusions of the HPOCS charge rate study are:

* From a cost standpoint, weight is more significant than energy consump-

tion

* The direct charge approach results in minimum weight and energy consump-

tion, and thus, minimum launch and 30 year energy consumption cost

* The optimum charge time for a 2.955 1b direct recharge is 0.6 hours

(based upon minimization of weight and energy consumption)

* The optimum compressor size based upon minimization of weight is approxi-
mately 4 lbs/hr (this size produces the 2.955 lb direct recharge in 0.6

hours)

* A4 1b/hr compressor will recharge (in the direct charge mode) the total
inventory of 11.82 lb in approximately 2.2 hours. A 10 lb/hr compressor
1s required to recharge the 11.82 1bs in 1 hour.

* The peak power consumed by a 4 lb/hr compressor is approximately 360
watts. Its energy consumption for the 2.955 1b and 11.82 1lb recharge

cycles is approximately 230 w-hr and 715 w~hr respectively.

* Compressor size, per se, has little effect on compressor safety, reli-

ability, and life issues

* The accumulator charge approach:

1-3
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Allows for a partial recharge cycle without compressor operation

Increases system complexity and the quantity of stored high pressure
oxygen

Results in more thermal energy transfer considerations because of the
requirement for accumulator reheat

* A second compressor may be more weight-effective than accumulators to

increase system reliability (the second compressor provides redundancy)
1.3 Recommendations

Based upon the foregoing results and conclusions, the following recommendations

relative to the study objectives are:

1. Optimize the compressor design at 4 lb/hr based upon weight and energy

minimization
2, Select direct charge approach because it minimizes total system weight
1.4 Report Organization
The remainder of this report is divided into five major sections.

Section 2.0 expands upon the specification requirements and describes the over-

all engineering preprototype HPOCS system.

In Section 3.0, the basic compressor operation and construction are described

along with the basic design criteria imposed for the purpose of this study.

The approach to sizing each of the four compressor assemblies is discussed in
Section 4.0. This section concludes with the basic performance of each of the
compressors in terms of flow rate and power consumption as functions of

discharge pressure.
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In Section 5.0, the various aspects of charging the PLSS tanks either directly
or with the different size accumulators are addressed. For all situations

covered in Section 5.0, isothermal charging is assumed.

Section 6.0 considers the aspects of nonisothermal charging in terms of temper-

ature, pressure, and energy transfer, and how accumulator size influences these

aspects.
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2.0 SPECIFICATION REQUIREMENTS AND ENGINEERING PREPROTOTYPE SYSTEM
DESCRIPTION

2.1 HPOCS Design Conditions

The design requirements for the HPOCS stated in Section 3.1 of the contract
Statement of Work are restated here for reference in subsequent sections of this

technical discussion.

HPOCS Design Conditions

Inlet Pressure 200 psia
Inlet Temperature 70°F
Inlet Dew Point Temperature 58°F
Discharge Pressure 6000 psia
Discharge Temperature 70°F
Discharge Dew Point Temperature 20.5°F
Average Continuous Power Goal 100 W max

The average continuous power of 100 watts maximum, if interpreted to mean the
average power to pump the 11.82 1b charge from 200 psia to 6000 psia in one hour
is a physical impossibility. If one were to assume 100% efficient adiabatic
compression in two stages with perfect inter-cooling and no motor or trans-
mission losses (100% electrical and mechanical efficiency), the power required
at the final discharge pressure would be 499 watts (see Appendix A), and the

average power will far exceed 100 watts.

Amendment 1A to the RFP clarifies the 100 watt goal by stating ..."The 100 watt

average continuous power requirement is a goal, not a requirement. The 100 watt

average continuous power goal relates to the duty cycle in that it is a goal that
the compressor does not exceed 100 watts if operated continuously; or in a 24

hour period, the power needed does not exceed 2400 watts."

Based upon this clarification, it was assumed that the maximum energy consump-

tion goal was to be less than 2400 watt-hours for an 11.82 1b charge cycle pumped
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from 200 psia to 6000 psia independent of the time taken to accomplish the

charge.
2.2 Engineering Prototype System Description

Although analysis of the system components other than the compressor and accu-
mulators was not part of the scope of the charge rate study described herein, a
brief description of the overall prototype system is included for completeness.

A schematic of the system is shown in Figure 1.

In addition to the compressor and accumulators, the basic deliverable system

consists of the following major components:

* Dryer

* Coolers

* Filters

* Instrumentation Transducers

* Electronic Drive and Controls

* Miscellaneous Block, Safety, and Check Valves

221 Dryer. Since moisture content of the inlet oxygen is greater than the
allowable discharge moisture content, it is clear that some type of moisture
removal component will be needed. Two common approaches to moisture removal are
1) condensation via a refrigeration loop (dehumidifier), and 2) absorption via a
suitable desiccant (drying) agent. Since desiccant drying is a much simpler and
less power-consumptive approach to moisture removal than is refrigeration
condensation, a CaSO4 desiccant dryer at the inlet to the HPOCS, with provision

for easy removal and regeneration of the desiccant cartridge, is anticipated.

222 Coolers. To minimize temperature rise of the oxygen during the compression
process, a two-stage compressor with intercooling between stages, as well as
aftercooling of the final discharge gas will be employed. Because of the low
flow rates involved, these will be small liquid-cooled heat exchangers. It is
intended that the coolers can be integrated into the compressor structure, thus

eliminating the need for external coolers.
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2.2.3 Filters. Since high-velocity particles can be a source of ignition in high- -
pressure oxygen systems, it will be desirable to provide a filter at the inlet

to the compressor, and possibly at the discharge, as well.

224 Instrumentation Transducers. The compressor concept will require special-
ized transducers to monitor dynamic operation of the compressor, in addition to

pressure and temperature transducers to monitor and regulate system operation.

225 Electronic Drive and Control Circuits. Electronic circuitry will be required
to power and control the linear reciprocating drive motors of the two-stage
compressor. For the preprototype development, standard commercial electronics
will, for the most part, be used. For the final space station HPOCS, develop-
ment will be required to convert these electronics to space qualified packages.

The control system is briefly discussed in Section 3.3.
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3.0 COMPRESSOR DESIGN
3.1 Overall Compressor Description

The preliminary design of the HPOCS compressor is based on the concept of a
two-stage diaphragm compressor hydraulically driven by linear motors. A drawing

of the concept sized for a 6.0 1b/hr output is shown in Figure 2.

In each stage of the compressor, a thin metal diaphragm forms the movable bound-
ary of the compression chamber. The back side of the diaphragm is in contact
with water which fills the linear motor/hydraulic driver cavities. The
diaphragm is actuated by the motion of a hydraulic piston that generates a pres-
sure variation in the water-filled hydraulic cylinder. The piston, in turn, is
driven by a linear motor mounted in the water-filled pressure vessel. In the
design shown, the piston/motor stroke is approximately 0.85 in. The hydraulic
piston/linear motor system is a resonant dynamic system, with a frequency of 25

Hz at 6000 psia discharge pressure for the compressor shown in Figure 2.

Plunger strokes of both the first- and second-stage compressors are maintained
equal at all times and are always 180° out of phase. Magnetically excited
stroke sensors are included to provide appropriate signals to the control system
which maintains equal strokes. Since the masses of the two plunger assemblies
are equal, the resulting equal and opposing strokes ensure that the fundamental
component of vibration imposed on the compressor case is always zero. Due to
the nonlinear characteristic of the compressors, higher harmonics of vibration

will be present at some operating points, but this vibration will be very small.

The primary source of "springing" for the plungers is the effective spring rate
of the compression process. Also, some spring effect is provided by the linear
motors when the discharge pressure is less than 6000 psia. For the design
shown, the effective spring rate from the compression process is 415 lb/in. at
the high-pressure operating point. Thus the plunger mass has been selected at
6.5 lbm to achieve resonance at 25 Hz., As described later, the operating
frequency is adjusted downward at discharge pressures less than 6000 psia. This

allows near resonant behavior to be maintained for both stages over the entire

3-1
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operating range. Mechanical centering springs are not needed because the linear

motors provide strong magnetic centering for the plungers.

To accommodate changes in water volume due to thermal expansion and compressi-
bility, and to allow for the water displaced by the piston motion, volume
compensator bellows are incorporated within each of the motor cavities. These
bellows are fabricated entirely from K500 Monel and are similar to commercially
available components. The bellows are stressed to very low levels and should
present no reliability or life-limiting problems. The magnitude of volume
compensation required from the bellows is calculated from the thermal expansion
coefficient of water, its compressibility, and the total volume of water

displaced in each stage of the compressor,

The inside of each bellows assembly is pressurized with oxygen by means of a
pressure balance tube connected to the compression chamber. A restrictive
porous plug is installed in the top of each compression chamber to dampen the
compression space pressure wave. Thus, the pressure balance tube is maintained
at approximately the mean pressure in the compression space. Diaphragm center-
ing depends on the exact match of water-side mean pressure and the mean pressure
of oxygen in the compression chamber. The primary means of ensuring diaphragm
centering will be achieved by center porting of the hydraulic pistons, coupled

with active control of the motor/piston midstroke position.

The following is a brief summary of the salient features of the compressor

design:

* Hermetic Isolation of Oxygen Flow Path

The oxygen flow path through the compressor will be hermetically isolated
from the compressor drive mechanism via the use of water-backed K500
Monel metallic diaphragms. The only materials in contact with the oxygen
will be K500 Monel. There are no dynamic seals, hence no oxygen leakage,
and no debris-generating sliding-contact or fretting surfaces within the

oxygen environment.
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* Entire Compressor Sealed within Pressure Vessel

The entire compressor (including the water—-flooded, linear-motor drive
units) is sealed with a K500 Monel pressure vessel rated to contain HPOCS

working pressure with a safety factor of three on ultimate strength.

* Long-Life, Canned, Linear-Motor Drive Units

Each stage of the two-stage diaphragm compressor is driven by a brush-
less, reciprocating, permanent magnet, linear electric motor. Both the
motor stator and plunger assemblies are "canned" with K500 Monel to mini-

mize ignition potential in the event of a diaphragm failure.

Motor power is hydraulically transmitted to the diaphragms using water as
the hydraulic fluid. The water also serves as a lubricant for the drive
bearings and hydraulic cylinder seal. This permits the bearing and seal
surfaces to achieve very long wear life. Any wear debris from these

surfaces will be hermetically isolated from the oxygen flow path.

* Low Vibration and Noise

The two linear motors will be electronically controlled such that the
reciprocating plunger masses are driven at the same frequency and stroke,
but 180° out of phase. This provides excellent dynamic balance of the
compressor assembly. As a consequence of the very low vibration levels,
and the fact that the complete compressor assembly is sealed within a

pressure vessel, compressor noise will be minimal.

3.2 Compressor Design Considerations

3.2.1 Diaphragms. The key elements in the proposed compressor design are the
diaphragms. Contoured diaphragms are used as the positive displacement compo-—
nents in the compression chambers of the two-stage compressor. The contoured
diaphragms are thin, flat, circular metallic plates capable of finite deflection
without damage. The thickness of the contoured diaphragms varies with the radi-
us in order to distribute the stresses as equally as possible over the face of

the diaphragm. The thinnest region occurs about one-half the distance from the
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center to the outer rim. Gradual thickening of the cross section occurs toward

the hub and toward the outer rim.

For the purposes of this Task 1 effort, the criteria used to size the diaphragms
was that the maximum radial bending stress was limited to 17,100 psi. This
value represents the infinite fatigue life of K500 Monel with appropriate modi-
fying factors for surface finish, stress concentration, 0.9999 reliability, and

a 25% safety margin included.

As shown in Figure 2, the rim and central hub on the oxygen side of the
diaphragms will be ground flat to facilitate shaping the compressor head for

minimum clearance volume,

3.2.2 Linear Motors. The linear motors used to drive the compressors are
stationary coil, moving-permanent-magnet motors using either samarium cobalt or
neodymium-iron~boron magnets. The motors consist of two major components: a
stationary outer stator and a moving inner plunger. The motors shown in Figure

2 are monocoil designs.

The outer stator is cylindrical and is made up of a multiplicity of identical
flat laminations of a magnetically permeable material such as Hyperco 50. The
laminations are oriented radially (in a manner similar to the cards in a Rolodex
file) and are welded to forward and aft support rings to form a rigid structure.
The laminations have a "U" shaped cross section with the open end of the U facing
inward toward the motor centerline. As shown in the figure, the drive coil is

nestled in the interior of the U.

The outer cylinder of the plunger is constructed of magnets and the inner cylin-
der is made of a magnetically permeable material. (The inner cylinder is called
the backiron.) The backiron is also fabricated from a multiplicity of lami-
nations that are taper-ground to achieve greater packing density. These lami-
nations are oriented radially in a manner similar to that of the outer stator.
The magnetic cylinder consists of a number of radially magnetized magnet
segments bonded to the outer surface of the backiron. The magnets are arranged
in three rings spaced axially along the plunger. The two outside rings are

magnetized in one radial direction, and the single inner ring is magnetized in
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the opposite direction. (The inner magnet is typically made longer than the

corresponding outer magnets to compensate for coil opening.)

The outer stator and its coil, and the inner plunger and its magnets, are
hermetically canned to prevent potential contact between the oxygen and the
magnets or the coil potting compount if oxygen were to enter the motor area in
the event of a diaphragm failure. Canning reduces the thickness of the magnet
in the gap region and consequently reduces motor output. It also results in
increased losses both directly (from the can eddy currents) and indirectly (as a
result of the increased coil current required to make up for the loss in motor
output). The inner canned plunger reciprocates concentrically within the outer
canned stator. The physical clearance between the two structures is approxi-

mately 0.020 in.

° Linear Motor Losses

By far the largest motor loss occurs in the stator plunger sheathing or
cans (primarily in the gap region between these two structures). The
sheathing loss is the result of circumferential eddy currents induced in
the sheathing as the plunger reciprocates. At fixed stroke the sheathing

loss is proportional to the frequency squared.

The next most significant loss results from the IR drop in the main
coil. This loss is primarily a function of the coil current squared and,
consequently (since force is proportional to current), the motor force

squared.

Lesser losses are the result of stator and plunger hysteresis and eddy
currents, magnet eddy currents, and eddy currents induced in the struc-

tures supporting the motor.,

323 Diaphragm Centering. Controlling the position of the diaphragm in the
proposed compressor system is an important design consideration. The diaphragm

can be controlled using one of two methods:



* By allowing the diaphragm to lightly contact the head at the end of the

compression stroke.

* By actively monitoring diaphragm position and varying the water volume
behind the diaphragm to maintain centered operation without

end-of-stroke contact.

The contacting approach is standard practice for controlling diaphragms in kine-

matic diaphragm compressors and is easily implemented as described in the

following paragraph. The noncontacting approach has the advantage that there is

no contact and, thus, no possibility for diaphragm wear and fretting. In addi-

tion it does not require additional bellows and check valve hardware.

* Contact Diaphragm Control

Diaphragm displacement amplitude is closely tied to hydraulic piston
motion, and the location of the diaphragm at any point in the cycle
closely defines the motion of the diaphragm through the remainder of the
cycle. End-stroke contact control takes advantage of this fact and
allows absolute location of the diaphragm at the end of the compression
stroke by coming into light, but solid, contact with the diaphragm head
plate. To avoid excessive diaphragm stress and wear during contact, the
overpressure associated with the contact is limited by a relief valve,
and the head plate is contoured to conform to the shape of the diaphragm

at maximum deflection.

* Noncontacting Diaphragm Control

To actively control the center position of the diaphragm and prevent
contact of the diaphragm with the head, the position of the diaphragm
must be monitored, and the midstroke position of the motor adjusted. The
key to this system is the design of the diaphragm position transducer.
Ideally, the transducer for determining diaphragm location should be
hermetically sealed, located on the water side of the diaphragm, able to
accurately determine the diaphragm location over the full stroke, and be

relatively insensitive to surrounding temperature, pressure, and stray
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electric and magnetic fields. Although these requirements represent the
ideal and are not all essential, it appears that they can be met by means -
of a mutual inductance probe or a fiber optic/digital probe and target
system. Both of these types are currently being evaluated at MTI and the
final choice between the two measurement approaches will be made based

upon the results of this effort.

It is currently planned to pursue the noncontacting diaphragm control approach
for the subject compressor because it avoids the potential for diaphragm fret-

ting and thus, one potential source of failure or ignition.

Control of the water volume behind the diaphragm will be achieved by means of a
port in the cylinder wall of the hydraulic piston coupled with a dc bias current
in the drive motor. The motor dc bias current_is used to vary the center posi-
tion of the compressor piston and to change the timing of the port opening rela-
tive to the compression process. Moving the piston out results in the port
opening when the water pressure in the compression chamber is high. This causes
the water to flow out of the compression chamber and into the containment vessel
and the diaphragm moves away from the head; that is, the clearance volume
increases. Offset of the piston in the reverse direction results in an opposite

diaphragm movement.

3.24 Compressor Valves. In any piston or diaphragm compressor, the suction and
discharge valves are always critical components as regards both performance and
life. For this application, there are two additional areas of concern, both
related to ignition in a high-pressure oxygen environment. One is impact energy
when the valve contacts its displacement-limiting stop during opening, or its
seat upon closing. The second is generation of wear debris during the opening

and closing impacts.

Two types of valves are normally used in positive displacement compressors. The
most common type is the simple reed valve, which is designed using elastic beam
theory for deflection, stress, and dynamic analysis. A less frequently used
compressor valve is the poppet (ball check) type of valve. This type of valve is
usually limited to low-flow, low-frequency applications. Because of the limited

space (to minimize dead volume) available for valving, reed valves made of K500
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Monel appear to be the most suitable choice for the subject application.
Silver- or gold-plated seats will be considered to minimize flammability poten-

tial and increase valve life.

3.25 Bearings and Seals. Each linear-motor drive unit will require bearings for
the motor plunger, and a clearance seal for the hydraulic piston. These bear-
ings and seals will operate immersed in water. As a consequence of the light
loadings imposed on these reciprocating parts, hydrodynamic (i.e., fluid film)
lubrication should be obtained, with a resultant probability of very long compo-
nent life. Nonetheless, it is highly desirable, if not mandatory, to select
bearing and seal materials that are known to have low wear rates under wet slid-
ing-contact conditions., This will ensure that these components will function
well during compressor start-ups, as well as provide long life if the lubri-~

cation regime should be boundary layer, rather than hydrodynamic.

Ideally, the relative-motion surfaces of the bearings and piston seal should
consist of a hard versus a soft wear couple combination. For example, a hard-
ened metallic bearing journal running against a carbon-graphite sleeve would be
an excellent choice under water-lubricated conditions. However, there 1is
significant concern that carbon graphite would be subject to ignition if exposed
to a water-oxygen mixture in the event of a diaphragm failure. Glass-filled
PTFE sleeves, instead of carbon-graphite sleeves, would likewise be a very good
choice for long-life, water-lubricated service. Phosphor bronze is yet ancther
material combination which can be considered for the water—lubricated bearings
and piston seal. Phosphor bronze is a common bearing material frequently used
in water-lubricated pump bearings. Phosphor bronze is more acceptable from a
flammability consideration 1in a water-oxygen environment than are the
carbon-graphites or PTFE's. Accordingly, it 1is currently considered the

preferred material for the bearing and seal sleeves.

Structural parts of the bearings and seal, such as the bearing shaft, piston
rod, and piston, will be made of K500 Monel. Several techniques are available
to provide hardened bearing and seal surfaces on the Monel. Hard nickel or
chrome plating are conventional approaches; flame spraying of various oxide
coatings, such as chrome oxide or aluminum oxide, is also a well established

technique for obtaining high surface hardness. These various hardening tech-
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niques will be evaluated for suitability to this application during .the compres-

sor design phase (Task 2.0) of this program.,

3.2.6 Structural Analysis. The oxygen compressor system contains only a few struc-
tural components: the pressure vessel, flange bolts, motor stator mounts, and
the piston carriers. Of these components, the pressure vessel and flange bolts
are critical from a safety standpoint. K500 Monel was chosen as the material
- for the structural components, The combination of good strength, ignition
~ resistance, and reasonable fatigue properties suggests it to be the prime
choice. The flange bolts will be metric grade 12.9 alloy steel (minimum tensile

strength 180 ksi).

The pressure vessel is sized based on three stress criteria. The first criteri-
on specifies a minimum safety factor of 4.0 on the ultimate strength at the
= maximum normal operating pressure. The maximum mean operating pressure for the
second stage is 3234 psia (including capillary pumping effects from the porous
plug restrictor). The second criterion specifies a minimum safety factor of 1.5
— on yield strength at 6000 psia. The vessel would only witness this pressure
level if a check valve failure occurred and substantial quantities of high-pres—
sure oxygen leaked back to the compressor. The third criterion specifies a 2.0
minimum safety factor guarding against fatigue, assuming 100,000 cycles from
s zero pressure to the maximum operating pressure. This criterion accounts for

- the pressure fluctuations in the vessel during its normal operating life,

The bolts are selected based on two criteria. Assuming a maximum internal pres-

sure of 6000 psi, the bolts will exhibit a 1.3 safety factor against yielding.

e Also, the bolts will have a minimum safety factor of 2.0 against fatigue for
- 100,000 cycles. The loads on the motor stator mounts and piston carriers are
" relatively low, but go through complete reversals at the motor operating
— frequency. Therefore, these components will be designed to have a fatigue safe-

ty factor of at least 2.0 for an infinite number of cycles.

3.3 Control System Description

Although work on the HPOCS control system was not included in the Task 1.0

efforts, it is described herein for compeleteness. The HPOCS control system

[
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controls the overall compressor system, which includes the two-stage compressor
and linear motors, dehumidification equipment, and associated valving (see
Figure 1). The primary functions of the HPOCS control system are to maintain
required system performance; maintain safety of personnel and equipment;
provide for reasonable evaluation of system performance (i.e., diagnostics);
and provide a straightforward user interface. A two-tier system hierarchy,

illustrated below, will be utilized to control these functions.

Operator

A

4
Supervisory Control High-Level Functions

3

L
Real-Time Control Low-Level Functions

y Y A y

Y Y Y '
HPOCS Equipment

The HPOCS two-stage compressdr is the primary component that will require real-
time control. This function will consist of controlling the amplitude, phase,
frequency, and mean value (dc offset) of the drive voltage provided to each of
the linear motors. These motor control systems must satisfy four overall objec-
tives, which include 1) maintaining the design stroke, 2) providing balanced
first-harmonic operation, 3) ensuring proper operating frequency at operating
pressure ratios less than 30.0, and 4) maintaining the mean level of the motor
signal to control the mean diaphragm position. These functions and control

methods are summarized in Figure 3.

The motor amplitude control will modulate the voltage amplitude of the drive
motor signal to maintain fixed and equal strokes of the motor/piston. This
stroke, which in turn determines the diaphragm deflections and flow capacity of

the compressor, is thus fixed.
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The phasing of the two motors will be maintained 180° out of phase, such that the
first harmonic of the motor forces will be equal and opposite, thus resulting in
the dynamic balancing of the unit. The frequency of the two drive voltage
signals will also be identical, although the value of the frequency will be
controlled to maintain a constant '"tuning offset" of each stage. This control
would not be required if the compressor operated at a constant pressure ratio;
however, since the compressor pressure ratio will vary between approximately 1.0
and 30.0 as the tanks are filled, the resonant frequency of the first and second
stages will not be equal at pressure ratios less than 30.0. The frequency
control will maintain the drive frequency at a value between the individual
stage resonant frequencies. This will result in a matched '"tuning offset"
between the drive voltage frequency and the resonant frequency of the individual
stages at intermediate pressure ratios. The control of the mean value of the
drive voltage (dc offset) will control the midstroke position of the hydraulic
piston, thus controlling the mean position of the diaphragm. The four real-time
control requirements will be met through the use of feedback control loops based

on motor position and diaphragm position sensor inputs.

The motors will be driven by independent power amplifiers which will allow
control of the amplitude and dc offset of the periodic signal. The amplifiers
will be driven by a variable-frequency signal generator to maintain identical
frequency inputs. The periodic signals provided by the signal generator may be

either square wave or sinusoidal wave forms.

It is desirable to use square wave signals from the standpoint of overall elec-
tronics simplicity. (The ability to operate in the presence of the harmonics
introduced by square wave drives will be determined during preprototype evalu-
ation.) The drive signal will be amplified to the power levels (current and

voltage) required by the linear motors.

The supervisory control functions provide the high-level coordination of real-
time control necessary to meet performance, safety, and operational require-
ments. There are four major functions associated with the supervisory control

systems; these are sequential control, safety, diagnostics, and user interface.
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Sequential control functions provide the necessary control logic (sequencing)

required for fully automatic start-up, shutdown, and normal running of the

HPOCS.

The start-up sequence is initiated in response to recognition of an operator

requested "cycle start.

1.

" A typical start-up sequence would be as follows:

Check bottles connected to system (contact closure)

Check HPOCS connection to oxygen source (is 200-psi supply pressure

present?)'

Close compressor discharge return bleed valve
Open compressor discharge shutoff valve

Open inlet shutoff valve

Start compressor (soft start via ramping of linear motor drive signal

amplitudes to required control values)

The shutdown sequence is initiated in response to completion of the charging

cycle or a detected system fault. A typical shutdown sequence is:

1.

5.

Ramp compressor stroke amplitude to zero

Close compressor discharge shutoff valve

Close inlet shutoff valwve

Open compressor discharge return bleed valve

Indicate charge cycle complete

The supervisory control safety functions monitor HPOCS operating conditions to

identify system anomalies affecting equipment and personnel safety, and initi-
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ate appropriate action in response to detected anomalies. Safety-related faults
result in shutdown of the HPOCS system and an indication of the detected fault
condition{(s). Safety faults that may be detected include, but are not limited
to, high vibration levels, high oxygen humidity levels, low charge rate (trip
level), linear motor power supply fault (overcurrent), and sequence fault (no

bottle and/or source oxygen detected at start-up).

The supervisory control also governs diagnostic functions which include, but are
not limited to, an indication of a low charge rate (alarm level) or that a desic-

cant change is required.

The supervisory control user interface is the means by which the operator
controls and monitors operation of the HPOCS. The user interface includes a
dedicated operator's panel containing various indicators, switches, and
buttons, i.e., cycle start button to initiate the charge cycle; an emergency
stop button; gages for Stage 1 discharge pressure, Stage 2 discharge pressure,
and supply pressure; and LED's to indicate safety or diagnostic faults, and to

show that the cycle is complete.
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4.0 PERFORMANCE ANALYSIS

Figure 4 outlines the analysis procedure employed during the conduct of the
HPOCS charge rate study. The upper line of blocks indicates those tasks that
are required to size the compressor/motor assemblies to achieve the design point
discharge pressure of 6000 psia (with an inlet pressure of 200 psia) for the
various design flow rates considered. For the purpose of this study, the
following design flow rates (at 6000 psia discharge) were considered: 0.75, 6.0,
and 11.82 lb/hr. ‘

The middle line of blocks outlines those tasks required to determine the
compressor performance at off-design conditions, i.e., over the range from 200
to 6000 psia discharge (the conditions encountered during actual tank charging,
and the time and energy consumed during the tank charging process for various

charging scenarios).

The lower line indicates the tasks required to determine compressor size and

weight, and the final establishment of launch and energy costs.

The bin analysis of performance over a charging cycle and determination of
launch and energy costs are discussed in Section 5.0 of this report. The actual

compressor performance aspects are discussed in the following subsections.
4.1 Compressor/Motor Design Point Sizing and Off-Design Performance

The principal design parameters for the compressor are chosen primarily on the
basis of dynamics. The basic premise being that resonant, or near resonant,
oscillation of the plunger be maintained (resonant operation eliminates the need
for the motor to provide plunger acceleration forces). Minimization of motor

force leads to minimization of motor size and weight.

The parameter selection, based upon resonant free-piston dynamics, proceeds as
follows. A volume amplitude is selected based upon the design flow rate and a
frequency selection that results in a diaphragm geometry that meets the follow-

ing constraints?
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* Minimum diaphragm amplitude must exceed 0.015 inches. This value was set
based upon experience and judgement considering the practical aspects of
minimizing compressor clearance volume and sensing diaphragm mid-stroke

position,

* The maximum radial bending stress was set at 17,100/psi as discussed in

Section 3.1.

* The minimum diaphragm thickness was set at 0.010 inches based upon previ-

ous successful manufacturing and operating experience.

A motor plunger stroke is then selected based upon motor sizing judgements.
Next the compressor equivalent stiffness and required motor force and power is
established based upon the compressor design point conditions (flow at 6000
psia), selected frequency, and stroke. These parameters set the requirements

for the motor design.

The motor design is an iterative process where motor geometry is varied to mini-
mize losses and weight. Motor materials (Hyperco 50 laminations, copper wire,
samarium cobalt magnets, and 0.020 inch thick K500 Monel cans) were held
constant for this study. Upon obtaining an acceptable motor design from a loss
and size standpoint, the resulting plunger mass was compared with that required
to achieve resonance at the initial selected frequency. If the mass was not
within 10% of that required, a new stroke was assumed and the preceding process
repeated. Also, during the motor design process, motor performance was checked
at two compressor pressure ratios lower than 30.0 to make sure that its off-de-

sign performance would be acceptable.

Upon completing the preceding process, the following information was now in

hand:

* Compressor diaphragm sizes (first and second stage)
* Motor plunger stroke and piston areas
* Motor geometry and weight

* Motor losses at a pressure ratio of 30
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This information now permitted the design layouts and off-design performance of

each compressor to proceed.

4.2 Off-Design Performance

Performance characteristics and layout designs were completed for four differ-

ent compressors:

11.82 1b/hr with design point resonance at 25 Hz
6.0 1b/hr with design point resonance at 25 Hz
6.0 1b/hr with design point resonance at 32 Hz

0.75 lb/hr operating at a constant frequency of 5 Hz

Table I summarizes the operating characteristics of the 11.82 lb/hr compressor

at pressure ratios between 1.0 and 30.0.

Predicted mass flow rates for the compressors were established using the basic
isentropic analysis described in numerous textbooks covering positive displace-
ment compressors. Clearance volume ratio is assumed constant at 0.30. Heat
transfer plays a very important role in the .final analysis of compressor
performance. However, the performance predictions presented here do not include
the effects of heat transfer during the compression process, thus adiabatic

compression with intercooling to 70°F is assumed.

The machines were sized to achieve equal first- and second-stage pressure ratios
when the total pressure ratio is 30, which corresponds to 6000 psia discharge
pressure. At discharge pressures less than 6000 psia, the pressure ratio split
between the two stages is unequal because the oxygen mass flow rate is the same
for both stages and the strokes and clearance volumes are assumed to remain
unchanged. A simple iterative procedure was performed on the computer to deter-
mine the pressure ratio split at each operating point listed on the table.
Fourier analysis of the ideal compression cycle was then performed to find the

mean pressure and effective spring rate.

For the 6.0 and 11.82 1b/hr machines, the frequency was controlled to a value

equal to the average resonant frequency of the two stages. Lower frequency

4-4
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limits of 15 and 18 Hz were set for the 25 and 32 Hz machines, respectively. At
these frequencies, the reactive motor forces were small and further reduction of

operating frequencies (at the lower pressure ratios) was deemed unwarranted.

In the case of the 0.75 lb/hr machine, the frequency was held .constant at 5 Hz
over the entire operating range. It should also be noted that this machine
operates well below resonance under all operating conditions. The reason for
this is that the low mass flow rate dictated an operating frequency of about 5 Hz
or less to stay within the aforementioned diaphragm deflection constraint.
Designing for resonant operation at 5 Hz resulted in a very long motor stroke
and therefore resulted in excessive motor size and weight. By choosing a short-
er stroke and nonresonant operation, a more reasonable motor size resulted, with
total motor forces (reactive and active) not significantly different from the

higher flow resonant designs.
The motor power requirements, P; and P2 in Table I, were obtained by dividing
the calculated adiabatic compression power by 0.8 and then adding the hydraulic
loss. (Measured isentropic compressor efficiencies at MTI have typically been
somewhat greater than 80%Z). The table also lists the active, i.e., power
producing, and reactive, i.e., spring producing, motor force requirements for
each pressure ratio. The hydraulic and motor losses were evaluated in detail at
the design point (Pr = 30). The hydraulic loss and motor efficiencies indicated
in Table I at pressure ratios less than 30 were derived from the following scal-
ing rules:

* Hydraulic loss scales with (frequency x stroke)?

* Motot lamination hysteresis scales with (frequency)

* Motor lamination eddy current loss scales with (frequency)2

* Can eddy current loss scales with (frequency)2

* Copper I?R loss scales as a function of (total motor force)

* Magnet eddy current loss was neglected (<10 watts in all cases)
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Figures 5 through 12 are plots of the mass flow rate and motor input power for
each of the four compressor designs considered during this study. The way in
which these curves were used in performing the actual charge rate study 1s

described in Section 5.0.

4.3 Summary of Compressor Sizing Study

The significant parameters relating to each of the four compressor designs are
summarized in Table II. The dimensions and weights shown were derived from
actual preliminary layout drawings made for each compressor. The drawing shown
in Figure 2 is typical of these layouts. "Total filled weight' includes the

weight of the water in the motor cavity.

From Table II, it is seen that larger diaphragm amplitudes are attainable with
the higher flow rate machines, and that for the same size machine (6.0 lb/hr),
the lower frequency case produces the larger amplitude. Also shown in Table II
are the times to pump 11.82 1b or oxygen (quantity carried in two EMU's at 6000
psia) from 200 psia to 6000 psia and the peak power consumption (at 6000 psia

discharge pressure).

Figure 13 shows the compressor weights as a function of design flow. Although
it is not possible to accurately define the shape of such a curve with the few
(4) points actually calculated, it appears that the minimum weight compressor

will be somewhere near a 4 lb/hr design.

Table III summarizes the general diaphragm compressor sizing trends and gives

qualitative trade-offs with respect to selection of operating frequency.
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Table i

GENERAL COMPRESSOR SIZING TRENDS

Maximizing frequency tends to minimize motor size and weight.

The maximum frequency for any given design flow rate is set by
diaphragm minimum amplitude and maximum stress constraints.

The lower the flow rate the lower the maximum operating frequency.

Higher flow rate (higher frequency) compressors tend to be lighter if
run near resonance because the resulting smaller required motor
forces lead to smaller motor size.

Lower flow rate compressors tend to be lighter if run off-resonance
because the high plunger stroke required to achieve resonant opera-
tion leads to large motor size

For a given compressor flow rate, lower frequency tends to reduce
losses.

For a given flow rate the selected operating frequency is primarily a
trade-off between diaphragm constraints, weight, and total energy
consumption.
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5.0 CHARGING SCENARIOS

Two basic PLSS charging options were considered; the direct charge and the accu-
mulator charge. These are shown schematically in Figure 1l4. For the direct
charge option, each PLSS consisting of two tanks is charged directly by the
compressor. For the accumulator charge option, the compressor first charges an
accumulator to 6000 psia and this precharged accumulator 1is then used to
partially fill each PLSS. Then the accumulator is bypassed and the PLSS is
fully charged (topped off) with the compressor. For the purpose of this study,
three different accumulator sizes (volumes) were assumed: 0.1751, 0.3501, and
0.8755 ft3. For the discussions that follow, the zero volume accumulator 1is
equivalent to the direct charge .use. The analyses presented in this section
were performed assuming isentropic compressor behavior and isothermal accumula-

tor/tank behavior.

Figure 15 depicts the assumptions made with regard to the normal oxygen usage

for a typical EVA mission. These were as follows:
1. An EVA always involves two astronauts.

2, The total amount of oxygen carried by the two astronauts at the begin-

ning of the EVA is 11.82 lbs (carried in a total of four tanks).

3. The initial charge temperature and pressure are 70°F and 6000 psia

respectively,

4. The astronaut uses oxygen out of only one tank. The other tank is for

emergency purposes only,

5. The normal mission usage is 1.478 1b per astronaut (2.955 lbs total) or

one half the total inventory of two tanks.

These assumptions were based upon discussions and usage scenario data provided

by NASA-JSC engineers.
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Table IV summarizes the significant parameters with respect to the various size
accumulators and compares them with the direct charge (zero accumulator volume)
option. Most of the items are self-explanatory. However, the following should

be noted:

1. Accumulator weight was calculated assuming spherical tanks with the
thickness established based upon a safety factor of 3 on the ultimate
strength (140,000 psi) of K500 Monel. Ten percent was then added to
the weight to account for valves and manifolding. It should be further
noted that the accumulator weight is independent of the number of tanks

used to achieve any given volume.

2. Equilibrium pressure is defined as the pressure that the accumulator
and PLSS tanks will reach after they have been connected together
assuming the initial (preconnected) pressures were 6000 psia and 3000

psia for the accumulator and PLSS respectively.

5.1 Discussion of Bin Analysis

To determine the time to charge the various size accumulators and the PLSS, and
energy consumed during that time, a bin analysis was made using the performance
characteristics of each of the four compressor sizes studied. The results are

tabulated in Tables V through VIII for each of the compressors analyzed.

The first four columns in each of these tables is simply a tabulation of the data
previously given in Figures 5 through 12, i.e. mass flow and power consumption

as a function of discharge pressure (or pressure ratio).

The succeeding columns give the incremental charge mass, time, and energy
between each pressure increment (500 psi each) for each accumulator size consid-
ered. Note that the V = 0.1751 ft3 is also the volume of two PLSS tanks and is
therefore also the case for directly charging (or topping off) the PLSS. The
data given at the bottom of each of the tables is the sum of the incremental

values for each column above between the pressure ranges within the parenthesis.
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The way in which these tables were constructed is described below using the
11.82 1b/hr compressor as the example (Table VIII). Taking for example the bin

between 500 and 1000 psia discharge pressure charging into a 0.1751 tank,

18.916 + 15.105
2

The average mass flow, m, is = 17.011 1b/hr

386.59 + 506.15
2

The average power, We, is = 446,35 watts

The increment of mass, M = %% = ,492 1bs

72,000 1b/£t’

where P = pressure increment = 500 psi

V = tank volume = 0.1751 ft3
_ ft 1b
R = 48.3 16 °R
T = 70°F = 530°R
, Mo_ 492
Time to charge, t, s = 17.011 .029 hrs

Energy = We(t) = 446.35 x .029 = 12.91 w-hr

To determine the charge mass, time, and energy between any increment larger than
500 psi, one needs simply to sum the incremental values of interest. For exam-
ple, the totaled values between say 3000 and 6000 psia for the 0.1751 volume
case is: charge = 2.95 lb, time = 0.22 hrs, and energy consumed = 212.23 watt

hrs as is tabulated in the bottom section of table.

From this example it can be seen how similar analyses can be made for any tank

size and any pressure range of interest.

5.2 Summary of Bin Analysis Results

Figure 16 shows the peak power and energy consumed to charge 2.955 lbs of oxygen
(one EVA usage) to 6000 psia as a function of compressor size. This plot was

constructed from the data given in Tables V through VIII. Again taking the

11.82 lb/hr compressor (Table VIII) as an example, the peak power of 1010 watts
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occurs at the maximum discharge pressure of 6000 psia. The energy consumed for
the direct charge case is 212.23 watt-hrs which is found in Table VIII under the
heading V = 0.1751 fr3 (2 PLSS tanks) with a net change from 3000 to 6000 psia.
For the case where the accumulator volume is 0.8755 ft3, the ene}gy is the sum of
the accumulator charge energy from the equilibrium pressure of 5500 psia to 6000
psia and the PLSS charge energy from 5500 psia to 6000 psia, i.e. 40.82 + 204,24
= 245,06 watt-hrs.

From Figure 16 it is seen that the charge energy drops slightly with increasing
compressor size and increases with increasing accumulator volume. Peak power

increases almost linearly with compressor size.

Figure 17 summarizes the charge times as a function of compressor size for vari-
ous charging scenarios. This figure was also constructed using the data
contained in Tables V through VIII in a manner similar to that described in the

preceding paragraphs.

Shown in Figure 17 are basically three different pieces of information (in addi-
tion to the peak power which was previously given in Figure 16). The upper curve
indicates the time to direct charge the total 11.82 lbs of oxygen from 200 to
6000 piia into the four PLSS tanks. Below that is a band which covers the range
of accumulator sizes from direct charge to the maximum accumulator size of
0.8755 ft3. The band gives the time to recharge one EVA's oxygen consumption
(two astronautsj; 2.955 lbs total) vs. compressor design flow. This time is the
time required to charge the accumulator from the previously defined equilibrium
pressure to 6000 psia plus the time to charge the PLSS from the equilibrium
pressure (after precharging with the accumulator) to 6000 psia. The lower
curves in Figure 17 indicate the time to top-off the PLSS to 6000 psia after it
has been precharged from the various sized accumulators. Obviously, V5 = 0 is

the special case of the direct charge option.

Figure 17 is useful in that the appropriate compressor/accumulator size options

can be evaluated based upon time-to-charge considerations.
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Figure 18 summarizes the charge rate study results in terms of launch and energy
usage costs as a function of top-off charge time. Top-off charge time was
chosen as the basis in this figure since it considers the emergency situation
where the astronaut may need to return to an unfinished EVA situation and has
little time to await a breathing oxygen recharge. In such a case it is assumed
that accumulators, if they are the chosen option, would have been previously
charged and the only recharge time of significance is the time to top-off the

PLSS to 6000 psia with the compressor.

The cost assumptions used in preparing Figure 18 are that launch cost is $4000
per pound and that energy consumption cost is $0.15 per watt-hour. These values
were provided by engineers at NASA-JSC. The launch cost shown in Figure 18 is
based upon the sum of the compressor and accumulator weights only. They do not
include the weights of dryers, coolers, filters, controls, valves, etc., which

should be essentially independent of compressor and accumulator size.

From Figure 18, it is seen that the real driver in terms of cost is weight (i.e.
launch cost)} and that energy consumption is essentially independent of charge
time (energy consumption is computed for compressing 2.955 1lb per day for 30
years). Also, the minimum cost is achieved with the direct charge option and
the optimum recharge time for the direct charge option is approximately 0.6

hours (36 minutes).



6.0 THERMAL ASPECTS OF CHARGING ACCUMULATOR AND PLSS OXYGEN TANKS

The charge times discussed in the preceding sections were established based upon
ideal 1isothermal conditions. That 1is, the accumulator and PLSS tanks were
assumed to remain at a constant temperature of 70°F during the charging and
discharging processes. In reality, however, the oxygen in the tanks (accumula-
tor and PLSS) will heat upon charging as a result of polytropic compression, and
the oxygen in the accumulator will cool while discharging into the PLSS due to
polytropic expansion. As a result, a finite time will be required to transfer
the compression and expansion energies out of, and into, the tanks to reach the
desired equilibrium temperature of 70°F (temperature at which theoretical full

tank charges, in terms of mass of oxygen, are produced).

Although the definition of the mechanism and rate of the required energy trans-
fer is beyond the scope of this program, ideal analyses assuming no heat trans-
fer into or out of the tanks during the charge/discharge processes were made to
quantify the magnitude of this effect. Zero heat transfer was assumed because

this represents the worst-case assumption.

Figure 19 schematically shows the energy (heat) transfer required to achieve the
ideal 70°F conditions (assuming the initial tank temperatures were at 70°F and
that oxygen is delivered from the compressor at 70°F). In charging the tanks,
compression energy must be added to the tanks' initial mass of oxygen to raise
its pressure to the final state. This compression energy raises the temperature
of that initial mass and must be removed by some external means if the final mix
temperature is to be at 70°F, Note that no heat need be removed on account of
the added oxygen from the compressor because that compression work was done

external to the tank.

In discharging the accumulator, the accumulator pressure provides the receiving
tank (PLSS) compression energy. At the same time, the loss of energy (expan-
sion) in the accumulator reduces the accumulator oxygen temperature and provides
some cooling to the gas received by the PLSS. The remainder of the energy must
be externally transferred to the accumulator from the PLSS to achieve the equi-

librium temperature of 70°F in both tanks as shown schematically in Figure 19.
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For the limiting case analyses conducted, ideal gas properties and the following

gas constants were assumed:

ft-1b

R = 48.3 ;g
_ BTU

c, 217 Ton

Expansion and compression processes were assumed to be reversable adiabatic.

The equations used are included in Appendix B.

Figure 20 shows the temperatures that the accumulator and PLSS tanks will reach
after discharging the accumulator from 6000 psia into two half-filled (3000
psia) PLSS tanks as a function of accumulator size assuming that there is no
external heat energy transfer to or from either tank. The accumulator temper-
ature drop below 530°R (70°F) is seen to decrease as the accumulator size
increases. This is because the equilibrium pressure between the two tanks is
higher with larger accumulator sizes and the expansion ratio is thus not as

great.

The gas temperature in the PLSS, on the other hand, is seen to increase with
increasing accumulator size because of the higher compression ratios resulting
from the higher equilibrium pressures. Three curves for the PLSS temperature
are shown. The lower curve is the temperature at the equilibrium pressure (pri-
or to topping off the PLSS). The middle curve is the temperature after topping
off the PLSS to 6000 psi with the compressor (70°F oxygen added). The upper
curve is the temperature that would be reached if the PLSS were overpressured

(by the compressor) to achieve the full charge mass of 5.91 1b (two PLSS tanks).

Figure 21 shows the equilibrium pressures reached and the PLSS pressure required
to reach the full 5.91 1b charge (after charging from the accumulator) as a
function of accumulator size. The PLSS pressure is based upon the upper temper-
ature curve shown in Figure 20. It should be noted that the equilibrium pres-

sure between the accumulator and PLSS tanks after connecting them together is
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independent of the temperatures of either tank. The tank temperatures will

however determine the mass of gas contained in each tank.

Figure 22 shows two families of curves for the inventory of gas contained in the
PLSS as a function of accumulator volume. The lower two curves (solid and
dotted) are the inventory contained after charging the PLSS with the accumulator
to the equilibrium pressure. The solid curve is the inventory assuming no heat
transfer out of the PLSS and no heat transfer into the accumulator. That is,
they are at the temperatures shown in Figure 20. When they are cooled/heated to
70°F, additional oxygen will flow from the accumulator to the PLSS and the PLSS

inventory of oxygen will reach the value shown by the lower dotted curve.

If the PLSS is then topped off to 6000 psi by the compressor, it will reach the
inventory values shown by the upper family of curves. The solid line assumes
that there has been no energy transfer after the accumulator charge process and
the PLSS gas temperature is given by the middle PLSS temperature curve shown in
Figure 20. The dotted curve assumes that both the accumulator and PLSS had been

allowed to reach 70°F prior to the compressor top-off process.

Figure 23 shows the amount of heat energy that must be transferred to achieve
the ideal 70°F PLSS full charge conditions after accumulator and compressor
top-off charging as a function of accumulator size. The middle curve in the
main region of Figure 23 is the heat energy that must be transferred from the
PLSS to the accumulator for both to reach 70°F. The lower curve is the heat
energy that must be removed from the PLSS during the compressor top-off process
to maintain it at 70°F and thus have a full 5.91 lb charge at 6000 psia. The
upper curve is the sum of the other two curves and is the total energy that must

be removed from the PLSS during the recharging process to achieve a full charge.

It should be noted that zero accumulator volume, shown in Figures 20 through 23,
is the equivalent to the direct charge case. From these curves it can be seen
that as the accumulator size increases, the PLSS temperature and pressure level
required to achieve a full charge also increases. As was stated earlier, the
mechanism to accomplish the required energy transfer is beyond the scope of this
effort. However, should the direct charge approach be selected, it may be best

to side step the energy transfer question by simply increasing the size of the
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PLSS tanks by about 10% such that the defined full inventory of 2.955 lb per tank
can be achieved at 6000 psia at a temperature above 70°F. The 70°F equilibrium
temperature would then result in a full charge pressure of approximately 5400
psia. When the effects of heat transfer during the charging process are also
considered, the required size increase will be less than 10% and the final

charge pressure will be somewhat greater than 5400 psi.
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Appendix A

Effect of Number of Stages on Ideal Adiabatic Power
to Pump at the Rate of 11.82 1b/hr

(with Perfect Intercooling Between Stages)

Pg = 200 psia

P4 = 6000 psia
m = 11.82 1b/hr
k-1
L 746 K K _ ]
Power (Watts) 33,000 N (Kfl)_(Psvs) [(Pr) 1

where: N = Number of Stages

C
K =2P =
Ty 1.4

P, = Pressure Ratio per Stage
1b 1b

Pg = 200 in2 = 28,800 o2
I;l\)s ft3

B = 1. ——

Vs = %0~ 7 nin
RT fe3

= — = _8 —

Vg - 89 %
s

_ ft-1b
R = 48.3 e
T = 70°F = 530°R

398.77 N [(Pr) -286 -1]

N Pr P (Watts)
1 30 655.03
2 5.477 498.95
4 2.340 438.64
6 1.763 420.66
8 1.530 412.03
10 1.405 406.97
20 1.185 397.08



N

APPENDIX B
3 i Equations Used for Analyses Described in Sectiom 6.0
Ty

ity il |

L bl iicd s




CHARGING PLSS 0, TANK FROM PRECHARGED ACCUMULATOR
'LIMITING CASE OF NO HEAT TRANSFER FROM (OR TO) EITHER TANK

o ACCUMULATOR PLSS0, TANK

é.;;? INITIAL GOOOV4 sla Q—E} 3%?)10 wélfg
= CONDITIONS R IeE 008

= FINAL u jJQ 751 cuf
CONDITIONS 3 o

Mifr + Mgy = MyplyrtMpplpr

= _PrV _MrVs

Ma =45, Mar =%,

; _P ;R
D MAF —RTAF MBF —RTBF

PrVat FrVe= R Vut+ B Vg
& _ BVt By
& Vg

il



CHARGING PLSS 0, TANK FROM PRECHARGED ACCUMUILATOR
"“ LIMITING CASE OF NO HEAT TRANSFER FROM (OR TO) EITHER TANK
5 | ACCUMULATOR

PLSSQ, TANK

L INITIAL sooo\l4 sla j;l;% 3600 Suta
L= CONDITIONS o 0.8

FINAL
CONDITIONS
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CHARGING PLSS 0, DIRECTLY
_ LIMITING CASE OF NO HEAT TRANSFER FROM TANK
; COMPRESSOR
= - 70F(530R) /1751 _cu.ft)
- 20% psia {} : xi1t=1:; @
;j Hr = M; CpT;
_ Hr= Hr+ AHcoup+ Hy
;= Ha= M4 Cpla= 530macp
: : K1
TO SOLVE FOR: SHaoup= My C T (B)F 1)
i) e MFOR PF Y
- AFTER DEFINING: Mp= g2
% OR Mg OR
= MgRTr
Pr i
MF: MI + MA
TO SOLVE FOR: e b
ENERGY REMOVAL ™ F 70
ik TO ACHIEVE 70°F
= PLSS 0, TANK = Hp— MpCp530
2p TEMPERATURE
e SUBSCRIPTS:
gl A= ADDED FROM COMPRESSOR
= T = INITIAL
F = FINAL
70= 70'F
_ -



